INTRODUCTION
The last survey carried out by Embrapa (2017) indicates that Brazil has 800 thousand hectares destined for vegetable crops, with a production of 19.3 million tons and productivity of 24.1 tons per hectare. This vegetable production is usually concentrated next to the great consumer centers, also called green belts. The production is distinguished by high seasonality and perishability, in which consumption goes through variations throughout the year, hindering the distribution of these agricultural products.
A large consumer of vegetable crops in Brazil is the Brasília city, the federal capital also known as the capital of the Cerrado, which has a population of approximate 2.8 million people. A survey carried out by Silva & Costa (2013) showed that 82% of the population of Brasília consume vegetables more than five times a week and 24% of them feed more than three servings per day.
To meet this consumption, there is a need for production near this center. A possibility is the production of vegetable crops in the northwest of the State of Minas Gerais, near the city of Brasília. This region is also belonging to the Cerrado biome and stands out in grain production and dairy farming, presenting low development in to plant of vegetable crops. However, due to this possibility of the consumer market in the Federal District and the increased number of family farmers in this region (Sousa et al., 2011) , there are good possibilities in the production of vegetable crops, such as radish.
Radish (Raphanus sativus L.) belongs to the Brassicaceae family, whose roots are globular of bright scarlet color and white edible pulp. Radish is consumed raw and presents a high food value, and is considered a good source of calcium, iron, and phosphorus (Slomp et al., 2011; Carmichael et al., 2012) . This vegetable does not tolerate transplantation and sowing must occur in definitive beds (Lacerda et al., 2017) . Radish crop develops well in fertile soils and harvesting takes place 3 to 6 weeks after sowing, depending on the season (Lima et al., 2015) . According to Bregonci et al. (2008) , despite being a crop of little importance in terms of planted area, it has good financial viability.
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The Northwest of Minas Gerais presents annual averages of temperature and precipitation of 25 °C and 1,200 mm, respectively (Cunha et al., 2018) . Its topography is gently undulating and the regional climate is Aw according to the Köppen classification, with a dry winter and precipitations concentrated in the summer. These characteristics make radish production a viable alternative in this region, especially for small farmers.
Existing scientific studies on the agronomic behavior of the radish crop under Brazilian Cerrado conditions, specifically in the northwestern region of Minas Gerais, are still insufficient and their cultivation is still based on empirical practices carried out by farmers, lacking references of scientific research results. Therefore, there is a need to study the adaptation of radish genotypes to the edaphoclimatic conditions of the region, using maximizing in productivity. Many producers, ignoring this fact, continue to use the same cultivars that their ancestors used, making the radish crop less productive and discouraging this cultivation (Cunha et al., 2017) .
In addition to selecting the material appropriate to the soil and climate, the success in radish cultivation requires on the use of irrigation to supply fully or supplement the water requirements of the crop. Water deficiency is usually the most limiting factor for obtaining high productivity and good quality products (Carmichael et al., 2012; Abdel, 2015; Cunha et al., 2017) , but its excess can also be detrimental. Soil water content during the crop cycle should be maintained constant, avoiding fluctuations to avoid cracks in the roots and decreases in quality (Silva et al., 2012; Alves et al., 2017; Silva et al., 2017; Noman et al., 2018) .
Therefore, the aim of this study was to identify the optimal irrigation strategies and determine the best radish genotypes for the climate and soil conditions of the Brazilian Cerrado.
MATERIAL AND METHODS
Radish was grown under field conditions during two cycles with duration of 40 (February 28 to April 8, 2015) and 51 days (May 9 to June 28, 2015) . The experiments were carried out in the experimental area of the Juvêncio Martins Ferreira State School, in the municipality of Unaí, MG. The geographical coordinates of the site are 16°22′45″ S and 46°53′45″ W, with 460 m of altitude. The climate is classified as Aw, with an annual air temperature between 10 to 35 °C and average precipitation of 1,200 mm concentrated in the summer and dry winter.
The soil of the experimental is classified as a clayey textured Oxisol (Latossolo Vermelho-Amarelo, Brazilian Soil Classification System) with good drainage. The soil had a bulk density of 1.09 g cm -3 and water contents equivalent to permanent wilting point and field capacity, with values of 0.182 and 0.315 cm 3 cm -3 , respectively. Soil tillage was performed with a rotary hoe throughout the experimental area and then beds were manually built using hoes. These beds had a width of 1 m and a height of 25 cm. Soil chemical features were obtained before each cultivation cycle and carried out at the Laboratory of Chemical Soil Analysis of the Agricultural and Environmental Technology Center of Paracatu, MG (Table 1) . Fertilization was not recommended because nutrient contents were suitable for the radish cultivation cycles (Vidigal & Pedrosa, 2007) . The experiments were installed in a randomized block design in a split-plot arrangement, with plots consisting of four irrigation depths, subplots consisting of three radish genotypes, and four replications. Sample units (replications) had dimensions of 0.8 m width and 1.0 m length, as in Castro et al. (2016) , with a total area of 0.8 m 2 . These sample units were composed of four rows of cultivation, each row with 10 plants, totaling 40 radish plants.
The treatments consisted of four irrigation strategies to replace 50, 75, 100, and 125% of crop evapotranspiration (ETc), and the radish genotypes Comet (Isla Company), Saxa (Isla Company), and Crimson Giant (Top Seed Company). A dripping irrigation system with tapes (Petroisa Company) of 0.016 m in diameter was used. The spacing between drip tapes was 0.4 m, irrigating two rows of radish crop per lateral line. The emitters (drippers) irrigated with an operating pressure of 98 kPa (~10 mca), providing an approximate flow of 1.8 L h -1 , being spaced 0.2 m from each other. Line-in connectors with valves were used to differentiate the treatments with irrigation depths. According to the time required to apply the different irrigation depths, the valves were opened or closed to obtain the different water depths in the treatments.
Direct sowing was performed with spacing of 0.05 m between radish crop and 0.2 m between planting rows. The thinning occurred 12 days after sowing (when 50% of the radish plants had five definitive leaves), obeying a spacing of 0.1 m between plants.
Irrigation frequency (IF) was fixed for each crop stage, with the IF for the first stage of one day and for the later stages of two days. The net irrigation depth needed for the treatment with 100% ETc water replenishment was defined according to parameters of climate, soil, plant and irrigation system (Equation 1), representing the crop water requirement.
Where,
NID is the net irrigation depth (mm);
ETo is the reference evapotranspiration (mm day -1 );
KC is the crop coefficient (dimensionless);
KS is the soil moisture coefficient (dimensionless);
KL is the location coefficient (dimensionless), and PE is the effective precipitation in the period (mm).
The Penman-Monteith-FAO56 methodology (Allen et al., 1998 ) was used to calculate reference evapotranspiration (ETo). The daily agrometeorological data to estimate ETo were taken from INMET (Brazilian National Institute of Meteorology), from Unaí, MG station. The behavior of daily meteorological in the two cycles of radish cultivation are shown in Figure 1 . Precipitation was measure by means of a pluviometer installed in the experimental area. The effective precipitation was that used directly by the radish crop (Bernardo et al., 2006) , i.e. the water necessary to raise the current moisture at the instant of precipitation to the moisture equivalent to field capacity. FIGURE 1. Variation of (A) relative air humidity (%), air temperature (°C), (B) precipitation (mm) and reference evapotranspiration (mm day -1 ) for the two cycles of radish cultivation. Unaí, MG, UFVJM, 2015.
The applied crop coefficients (KC) were 0.7 and 1.0 for growth stages I and III, respectively. For stage II, a linear weighting was used from the end of stage I and the beginning of stage III. The duration of stages I and II were 10 days each, while stage III lasted from the 20th day to the harvest. Soil moisture (KS) and location coefficients (KL) were calculated according to eqs (2) and (3), respectively. 
Where, KS is the soil moisture coefficient (dimensionless);
LAA is the current soil water depth (mm);
TWC is the total soil water capacity (mm);
KL is the location coefficient (dimensionless), and P is the highest value between the percentages of wet or shaded area (%).
The values of net water depth were corrected according to the irrigation efficiency in the system, defining the gross water depth according to eq. (4). Irrigation efficiencies in cycles 1 and 2 were 92.9 and 90.3%, respectively. The variables used for the evaluation of treatments in the radish crop were:
1.
Root depth (cm): obtained by means of opening a trench lateral to the plants using a mattock. After removal of the entire root system, the soil adhered to the roots was retired and the plant was taken to measure the distance between the collar and root end using a 0.001 m scale ruler. These measures were performed in six plants previously identified at the beginning of the crop cycles, as in Cunha et al. (2018) Tuberous root diameter (cm): obtained by the mean of two measures perpendicular to the length of six tuberous roots, i.e. the transversal measurement of the root. A caliper was used for this measurement. 5.
Tuberous root length (cm): measured between the leaf insertion and the beginning of the root, i.e. the longitudinal measurement of the root. A 0.1 cm scale ruler was used and the measurement was performed on six tuberous roots. 6.
Non-commercial tuberous roots (unit m -2 ): any tuberous root with cracks, surface defects, irregular shapes or other defects that could prevent its commercialization were considered as non-commercial. 7.
Commercial tuberous roots (unit m -2 ): any tuberous root that presented the favorable criteria to commercialization. 8.
Mass of non-commercial tuberous roots (kg m -2 ): the fresh mass referring to tuberous roots classified as noncommercial. 9.
Mass of commercial tuberous roots (kg m -2 ):
obtained by means of the fresh mass referring to tuberous roots classified as commercial. 10. Water use efficiency (kg m -3 ): obtained by the ratio between the total fresh tuberous root mass of radish at the plot and the volume of water applied.
The data were submitted to the analyses of variance and regression. The mean comparison was performed using the Tukey's test at 5% probability. For quantitative factors, linear and quadratic models were tested. Model selection was based on the significance of regression coefficients using the t-test at 5% probability, coefficient of determination (R 2 ), and biological phenomenon. For the execution of statistical analyses, the experimental package Designs of the software R was used.
RESULTS AND DISCUSSION
The radish crop presented the same water demand in both crop cycles (Table 2) . Although cycle 1 presented higher evapotranspiration rates ( Figure 1B) , cycle 2 lasted eleven days more. Table 2 also shows that the radish crop presented a lower demand for irrigation in cycle 1 due to higher effective precipitation heights. Effective precipitation, according to Bernardo et al. (2006) , is the rainfall fraction used directly by the crop, i.e. the amount of water that the radish crop used in its physiological processes. The difference between the effective precipitation and rainfall was the amount of water that runoff and percolated below the crop root system after the soil immediately above reached the moisture equivalent to field capacity. In the treatment of irrigation depth of 50% ETc of cycle 1, for example, from the 296 mm of water added to the soil via precipitation, only 46.5 mm was considered effective, i.e. it was available in the soil for the crop. This small use was due to the high irrigation interval and precipitations that occurred in periods when radish crop had lower values of crop coefficient. Thus, the soil always had the moisture close to the field capacity, requiring little water to reach the available water capacity. Isolated effects of genotypes and irrigation depths were observed for root depth in cycle 2 of the radish crop (Table 3) . Comet and Crimson Giant presented higher root depths in relation to the genotype Saxa. In addition, irrigation depths in cycle 2 provided a reduction of root depth of the radish crop (Figure 2) . Possibly, in treatments with lower irrigation depths, the crop deepened its root system to extract water in lower soil layers. This did not occur in cycle 1 because of the higher precipitation that occurred in this crop cycle (Figure 1 ). * p < 0.05; ** p < 0.01; *** p < 0.001; ns non-significant. Means followed by the same letter in the row did not differ from each other by the Tukey's test (p < 0.05).
Engenharia Agrícola, Jaboticabal, v.39, n.2, p.182-190, mar./apr. 2019 ** and * significant at 1 and 5% probability, respectively. FIGURE 2. Estimation of root depth (A), leaf chlorophyll content (B), shoot fresh matter (C), and water use efficiency (E) in cycle 2 of radish and tuberous root diameter (D) and water use efficiency (F) in cycle 1 as a function of total water depths (ID). Unaí, MG, UFVJM, 2015.
No effect of genotypes was observed on leaf chlorophyll content of the radish crop (Table 3) . This behavior was not observed by Ayyub et al. (2016) , who tested six radish cultivars and found differences in this parameter. The increase in chlorophyll content provides greater development of chloroplasts and consequent addition in leaf nitrogen content (Piekielek & Fox, 1992; Smeal & Zhang, 1994) . However, an isolated effect of irrigation depths was observed on leaf chlorophyll content of the radish crop (Table 3 ). Figure 3 shows that irrigation depths provided a reduction in leaf chlorophyll content of the radish. According to the results found in this study, water availability is essential in this process. However, Abdalhi et al. (2016) reported that water stress due to lack or excess of irrigation is not a criterion for reaching a high leaf chlorophyll content. This was also observed by Lacerda et al. (2017) , who applied irrigation depths of 50, 75, 100, and 125% of ETo and did not verify the difference in leaf chlorophyll content of the radish Crimson Giant.
An interaction was observed in cycle 1 and the isolated effects of genotypes and irrigation depths were observed in cycle 2 for shoot fresh matter of radish (Table   3 ). In cycle 1, the irrigation depth of 50% ETc showed no difference, while in the water depths of 75, 100, and 125% ETc, the Crimson Giant presented lower values in relation to the other radish genotypes (Table 3 ). The genotypes Comet and Saxa did not differ in any cycle, which is in accordance with the results of Cunha et al. (2017) , who applied the same treatments in Chapadão do Sul, MS.
Irrigation depths provided a quadratic effect on the radish shoot matter in both cycles of cultivation. In cycle 1, according to the regression equations, total water depths of 109.9 (100% ETc), 108.7 (99% ETc) and 109.2 mm (99% ETc) maximized the shoot fresh matter of the cultivars Comet, Saxa, and Crimson Giant, with values of 47.1, 50.5, and 37.9 g plant -1 , respectively (Figure 3) . In cycle 2, the total water depth of 75.9 mm (69% ETc) maximized the shoot fresh matter of the radish, resulting in a value of 60.6 g plant -1 (Figure 2) . Carmichael et al. (2012) studied the radish crop in Swaziland and verified increases in shoot production in treatments with higher water replenishments in the soil. Cunha et al. (2017) also observed a quadratic effect in the rainy season, and the irrigation depth that maximized radish shoot matter was 96% ETc. RD = 14.9597 ** -0.0465 ** ID r² = 0.4958 p<0.0001 Cycle 2 ** and * significant at 1 and 5% probability, respectively. Tuberous root diameter was not influenced by genotype in any evaluated cycle (Table 3) . Faria et al. (2013) also observed no difference between the genotypes Comet and Saxa in Nova Xavantina, MT. Root diameter values found by these authors were similar to those obtained in our study. Only total water depths affected the radish root diameter in cycle 1 (Table 3) , with an increasing linear effect (Figure 2) , which is in accordance with Abdel (2015) and Lacerda et al. (2017) . Root diameter values increased from 32.6 to 40.0 mm from the total water depth of 80.0 to 126.2 mm, generating an increase of 22.7%, according to the regression equation. Lacerda et al. (2017) obtained increases of 21.2% using the same irrigation depths. This increase is interesting in order to obtain radish with a better pattern, being more valued in the market. In Cycle 2, the cultivar Crimson Giant presented a longer tuberous root length in relation to the other genotypes, which did not differ from each other (Figure 3) . Regardless of the cycle, irrigation depths did not have an effect on root length (Figure 3) , which is in accordance with Lima et al. (2015) , who applied different soil water stresses in radish cultivation in Lavras, MG.
An interaction was observed between genotypes and irrigation depths for the number of non-commercial tuberous roots of radish in cycle 1 (Table 3) . No differences were observed between the evaluated genotypes in the irrigation depth of 100% ETc of cycle 1 and in all irrigation depths of cycle 2 (Table 3) . Figure 3 shows a negative linear effect of total water depths on the number of noncommercial tuberous roots of the genotype Comet grown in cycle 1. The other genotypes had a quadratic effect and according to the regression equations, total water depths of 109.1 (99% ETc) and 106.0 mm (94% ETc) reduced the number of non-commercial roots of the cultivars Saxa and Crimson Giant, with values of 9.8 and 16.8 units m -2 , respectively ( Figure 3 ). This indicates that both water deficit and excess affected radish quality, which is in accordance with Alves et al. (2017) and Noman et al. (2018) . Silva et al. (2017) reported that the presence of cracks is one of the reasons of making a radish noncommercial, but the best way to prevent cracking in roots is to maintain a uniform water supply. Silva et al. (2012) tested radish tolerance to soil wetting in Mossoró, RN, and observed its sensitivity to water saturation, especially when stress occurred in the first development stages of the plants, concluding that the radish root system is more sensitive to wetting than the shoot.
The mass of non-commercial tuberous root of radish had an isolated effect of genotypes in cycle 1, with Crimson Giant presenting higher losses in relation to the other genotypes, which did not differ from each other ( Table 3 ). The same behavior was expected for the number of noncommercial tuberous roots, but it did not occur since the mass of non-commercial tubers possibly presented a heterogeneous pattern, increasing the coefficient of variation and not allowing a statistical differentiation.
The genotypes conferred effect on the number of commercial tuberous roots of radish in both evaluated cycles (Table 3 ). An interaction was observed in cycle 1 and regardless of the irrigation depth, the genotype Saxa always showed a higher number of commercial roots, not differing from Crimson Giant in cycle 2, but with a lower value in relation to Comet. Cunha et al. (2017) found no difference between the number of commercial roots between the cultivars Saxa and Comet in any evaluated cycle.
Total water depths provided a positive linear effect on the number of commercial tuberous roots of the cultivar Comet in cycle 1 (Figure 3 ). In the other genotypes, the effect was quadratic and according to the regression equations, total water depths of 118.1 (113% ETc) and 114.0 mm (106% ETc) increased the number of commercial roots of the radishes Saxa and Crimson Giant, with values of 21.6 and 17.7 units m -2 , respectively ( Figure 3 ). An interaction was observed between genotypes and irrigation depths for the mass of commercial roots of radish in both evaluated cycles (Table 3) . However, as observed for most of the agronomic characteristics evaluated in this study, the superiority of one genotype was not verified over the other. Thus, it is not possible to indicate a single radish material to be cultivated in the Brazilian Cerrado. In addition, other studies should be carried out with these materials and others in the market for a better recommendation.
Except for the genotype Comet in cycle 1, irrigation depths provided a quadratic effect on the mass of commercial tuberous root of radish (Figure 3) , in which the total water depth close the optimal point was 109.4 mm (100% ETc). Klar et al. (2015) applied irrigation depths to supply 25, 50, 75, 100, and 125% ETc in Botucatu, SP, and also observed this behavior in both evaluated cycles, but the irrigation depth of 80% ETc maximized this parameter.
Considering that for most of the evaluated agronomic characteristics water depths close to 100% ETc maximized beneficial parameters and minimized those harmful, its use is recommended to supply the requirements for radish irrigation in the Brazilian Cerrado. Thus, it is expected to save water and electricity in radish production in order to increase its economic viability.
The water use efficiency (WUE) in cycles 1 and 2 were, on average, 10.5 and 19.5 kg m -3 , respectively. This result indicates that to produce 1.0 kg of fresh radish mass, 95.5 and 51.2 liters of irrigation depth was required in crop cycles 1 and 2, respectively. An isolated effect of irrigation depths was observed in WUE for radish in both crop cycles (Table 3) . It was not possible to adjust a regression equation in cycle 1 and in cycle 2 the irrigation depths provided a negative linear effect on WUE by radishes (Figure 2 ). This result was already expected since they are inversely proportional factors. Slomp et al. (2011) cultivated radish in Erechim, RS, and also verified a linear reduction of WUE when applying irrigation depths to meet the demand of 40 to 120% of the evaporation of the class A tank.
CONCLUSIONS
The radishes Comet, Saxa, and Crimson Giant showed no differences in their agronomic characteristics when cultivated in the Brazilian Cerrado.
The recommended irrigation strategy for radish crop in the Brazilian Cerrado and regions with similar conditions is the replacement of 100% of the crop evapotranspiration.
